Intestinal microbiota is involved in metabolic processes and the pathophysiology of various gastrointestinal disorders. We aimed to characterize the microbiome of the appendix in acute pediatric appendicitis comparing extraluminal and intraluminal samples.
Introduction
Acute appendicitis is one of the main causes for acute abdominal pain in children and adolescents with a lifetime risk of 7%. [1] The etiopathogenesis is still unknown. It has been suggested that an intraluminal obstruction by lymphoid hyperplasia, foreign bodies, parasites, tumors, or fecaliths is responsible for the onset of inflammation. Here, the accumulation of bowel secretions and distension of the appendiceal lumen, which compromises the capillary blood flow and weakens the epithelial mucosal barrier, potentially allow a bacterial invasion into the appendiceal wall. [2, 3] In recent years, the (im)balance of the appendiceal flora has gained increasing interest. [4] [5] [6] Several studies reported a higher abundance of Fusobacteria in acute appendicitis that penetrate the appendiceal wall as assessed by ribosomal ribonucleic acid (rRNA)-based fluorescence in situ hybridization with increasing degree of inflammation. [7, 8] In addition, the abundance of other bacteria like Peptostreptococcus, Bilophila, and Bulleidia were augmented, while others like Paenibacillaceae, Acidobacteriaceae, and Bacteroides spp. were decreased. [5, 6] Others have investigated the intraluminal microbiome in phlegmonous, gangrenous, and perforated appendicitis by 16S ribosomal desoxyribonucleic acid (rDNA) sequencing before, but did not find any significant difference. [9] In clinical practice, however, traditional culturebased approaches are still the gold standard to detect bacteria, for example, to guide antibiotic treatment in complicated appendicitis.
The aim of our study was to characterize the microbial composition at the intraluminal and extraluminal site of the inflamed appendix in different histopathologic stages of acute pediatric appendicitis using bacterial cultures and 16S rDNA sequencing.
Materials and methods

Study design
The present study was approved by the research ethics committee of the University of Leipzig (reference number: 401-14-15122014). All participants' parents signed written informed consent at the time of enrollment. Pathological examination was performed at the Institute of Pathology, University Hospital Leipzig; cultivation of collected samples was carried out at the Institute for Medical Microbiology and Epidemiology of Infectious Diseases, University Hospital Leipzig. Amplicon generation, sequencing, and microbiome profiling were conducted at Eurofins MWG Operon (Ebersberg, Germany).
Participants
Patients affected by acute appendicitis who subsequently underwent laparoscopic appendectomy between January and June 2015 were prospectively included in the study. Children with perforated appendicitis, incidental appendectomy and appendectomy for chronic abdominal pain as well as patients with postoperative complications were excluded. The following clinical data were collected prior to surgery: age, sex, weight, body mass index (BMI), laboratory tests (leukocytes, neutrophil count, and C-reactive protein [CRP]), clinical signs for appendicitis (e.g., right lower quadrant tenderness) and antibiotic treatment. Patients only received preoperative antibiotics intravenously depending on the severity of the disease and time frame until surgery. Either a combination of cefotaxime (30 mg/kg body weight) and metronidazole (10 mg/kg body weight) or piperacillin/tazobactam (100 mg/kg body weight) was administered. Finally, the Pediatric Appendicitis Score (PAS, 0-10) was calculated, indicating an acute appendicitis if PAS ≥ 6.
[10]
Sample acquisition
Laparoscopic appendectomy was performed in a 3-trocar technique in all patients as described previously. [11] After visualizing the appendix and prior to dissection, 2 sterile extraluminal swabs of the appendix (eSwab; Hain Lifesience GmbH, Nehren, Germany) were taken to ensure "untouched" sample assessment. The appendix was dissected out by electrocautery (BiClamp; ERBE Elektromedizin GmbH, Tübin-gen, Germany), stapled over its base (Endopath, ETS Endoscopic Linear Cutter; Ethicon, Norderstedt, Germany) and removed by a specimen bag. Under sterile conditions, the appendix was immediately opened longitudinally and 2 swabs from the intraluminal side of the appendix were taken (eSwab; Hain Lifesience GmbH). Of each sample pair, one was placed in a medium-free sterile Eppendorf tube (Eppendorf, WesselingBerzdorf, Germany) and cryoconserved at À80°C for bacterial DNA extraction, the other one was stored in an anaerobic manner using 1 mL Amies medium at room temperature for immediate transfer and subsequent bacterial culture. [12] Appendices were stored in formalin 4% over night for histology by 1 pathologist, who was blinded to the study.
Pathological diagnosis
Hematoxylin-eosin staining was performed and the grade of inflammation was assessed according to Carr [13] -catarrhal appendicitis: local inflammation with few intraepithelial segmented neutrophils and reactive intraepithelial changes; phlegmonous appendicitis: neutrophilic invasion of mucosa, submucosa, and muscularis propria, mucosal ulcera, intramural abscesses and invasion in surrounding tissue, for example, thrombophlebitis; and gangrenous appendicitis: additional intramural necrosis or perforation to the features of phlegmonous appendicitis without free perforation into the abdominal cavity.
Bacterial cultures
Intra-and extraluminal samples of all patients were plated on Columbia blood agar (Thermo Fischer Scientific, Oxoid Microbiology Products, Hampshire, UK), chocolate blood agar (Thermo Fischer Scientific), Endo agar (Sigma-Aldrich, Steinheim, Germany), bile esculin agar (Thermo Fischer Scientific), Sabouraud agar (Thermo Fischer Scientific), and brain-heart infusion broth (Thermo Fischer Scientific), which were incubated aerobically at 37°C for 48 h, and Columbia blood agar, supplemented with hemin (0.005/L) and vitamin K (0.01/L), Bilophila medium (Thermo Fischer Scientific), and thioglycolate broth, which were incubated in an anaerobic atmosphere (Whitley MG 1000, anaerobic workstation, Meintrup Laborgeräte, Lähden-Holte, Germany) at 37°C for 4 days. All growing colonies were further identified using Matrix Assisted Laser Desorption Ionization-Time of Flight Mass Spectrometry (MALDI-TOF-MS; VITEK-MS, bioMerieux, Lyon, France). In case of no growth on solid media and presence of turbidity of the fluid media, subcultures were performed and the growing colonies were identified using MALDI-TOF-MS.
16S rDNA sequencing
For 16S rDNA sequencing of bacterial DNA, samples were processed according to a modified protocol: Swabs were defrosted on crushed ice and treated with 360 mL lysozyme solution for 30 min at 37°C (20 mg/mL lysozyme, 20 mM TrisHCl, 2 mM ethylenediaminetetraacetic acid, 1.2% Triton X100, pH 8.00) followed by adding 40 mL proteinase K for 30 min at 56°C in 400 mL buffer AL (lysis buffer) for protein digestion. Enzyme inactivation was performed by heating to 95°C for 15 min; 500 mg of sterile 0.5 mm glass beads (Carl Roth GmbH, Karlsruhe, Germany) were added and bacterial cell walls were disrupted by shaking with a Tissue Lyser bead mill (Qiagen, Hilden, Germany). DNA purification was performed using the QIAamp DNA Mini/Micro Kit (Qiagen) according to the manufacturer's protocol. Nanodrop (Thermo Scientific, Waltham, MA) was used to measure DNA quantity and quality (aim: A260/A280 ratio: 1.7-1.9). Purified DNA was stored in 20 to 50 mL buffer AL at À20°C.
Extracted DNA was quantified fluorometrically using the PicoGreen Assay for dsDNA (Life Technologies, Darmstadt, Germany). Amplicon generation of 10 ng DNA/reaction was conducted by polymerase chain reaction (PCR) for the bacteriaspecific 16S ribosomal V1-V3 region using the FastStart High Fidelity PCR System (Roche Diagnostics, Mannheim, Germany) and the template-specific barcoded fusion-primers: 27F: GAG-TTTGATCATGGCTCAG and 530R: GTATTACCGCGG-CTGCTG. The amplicon libraries were pooled and sequenced on MiSeq (Illumina, San Diego, CA) with 2 Â 300 base pairs (bp) paired-end read modus, chemistry v3. Prior to the microbiome analysis, raw reads were de-barcoded and reads with ambiguous bases ("N") were removed. To preserve only high-quality reads, sequencing errors in the inline barcodes and primer sequences were not tolerated. The remaining set of high-quality reads was processed into Operational Taxonomic Units (OTUs) using minimum entropy decomposition. [14, 15] To assign taxonomic information to each OTU, Basic Local Alignment Search Tool alignments of cluster representative sequences to the National Center for Biotechnology Information sequence database were performed. A most specific taxonomic assignment for each OTU was then transferred from the set of best-matching reference sequences. Hereby, a sequence identity of 80% across at least 80% of the representative sequence was a minimal requirement for considering reference sequences. Further processing of OTUs and taxonomic assignments was performed using the QIIME software package. Abundances of bacteria taxonomic units were normalized using lineage specific copy numbers of the relevant marker genes to improve estimates (QIIME software package, Version 1.8.0). [16] 
Statistical analysis
Statistical analysis was performed using Graphpad Prism (V7) and Statistical Package for the Social Science (V24). After testing continuous data for Gaussian contribution by Shapiro-Wilk normality test, either Kruskal-Wallis test or Mann-Whitney test for nonparametric samples was applied. Parametric data were conducted using analysis of variance (ANOVA) and post hoc analysis. For nominal data, contingency tables and Fisher exact test analyses were used. Regarding sequencing samples, differences in a-diversity were calculated as species richness and in terms of the inverse Simpson index, followed by ANOVA with a Tukey post hoc test. Differences in community variation between groups (b-diversity) were calculated using Pielou Evenness index as well as Chord distance with subsequent analysis of similarity. Significance level was set as P < .05. Data are presented as means ± standard deviation (SD) if not indicated differently.
Results
Study population
Thirty-four patients who underwent laparoscopic appendectomy for acute appendicitis were recruited. Three children were excluded for perforated appendicitis, 1 for a complicated postoperative course and 1 for a missing clinical history. Thus, 29 participants (21 male and 8 female patients) with a mean age of 10.7 ± 3.4 years (range: 3.7-17.9) were analyzed. Five severely ill patients at presentation (2 with phlegmonous and 3 with gangrenous appendicitis) received preoperative antibiotics intravenously 4.4 ± 1.55 h (range: 1.7-5.4) prior to surgery, of which 2 were included for 16S rDNA sequencing. The administration of antibiotics did not impact on the assessed outcome variables (data not shown).
Subgrouping according to the histological grade was as follows: catarrhal (n = 4), phlegmonous (n = 21), and gangrenous appendicitis (n = 4) (Fig. 1) . The groups did not differ significantly in age, sex, BMI, leukocytes, and neutrophil count (Supplemental Table 1 , http://links.lww.com/MD/C49). However, PAS and CRP levels were significantly higher in gangrenous as well as in phlegmonous compared with catarrhal appendicitis (P < .05).
Bacterial cultures
Bacterial cultures showed positive results from 28 intraluminal and 2 extraluminal samples. Intraluminally, a total of 17 different species of 11 genera and 4 phyla were detected. At phylum level, Actinobacteria, Bacteroidetes, Firmicutes, and Proteobacteria were identified. In catarrhal and phlegmonous appendicitis Proteobacteria and Bacteroidetes (catarrhal: 50% and 33%, phlegmonous: 54% and 32%) and in gangrenous appendicitis Proteobacteria and Firmicutes were most frequently detected (57% and 29%, Fig. 2 ). At genus level 11 genera were found. Escherichia dominated in all groups (catarrhal: 43%, phlegmonous: 41%, gangrenous: 50%), followed by Bacteroides in catarrhal and phlegmonous appendicitis (29% and 24%). In gangrenous appendicitis, Bacteroides, Enterococcus, Streptococcus, and Pseudomonas were equally present (13% each) (Fig. 3) . At species level, Escherichia coli was found predominantly in all groups (catarrhal: 43%, phlegmonous: 41%, gangrenous: 50%) followed by Bacteroides thetaiotaomicron (29%) in catarrhal, Bacteroides fragilis (15%) in phlegmonous, and Pseudomonas aeruginosa (13%) in gangrenous appendicitis (Fig. 4) . Microbial composition at genus and species level was significantly different in all 3 groups (P < .001).
Extraluminally, 4 different species of 2 phyla (Bacteroidetes and Proteobacteria) were detected in 2 samples (both phlegmonous appendicitis). At genus level Escherichia and Bacteroides were found in both samples and Prevotella in one. At species level E coli was found in both samples while B fragilis, Bacteroides ovatus, and Prevotella oralis were present in only one of both.
Bacterial sequencing
Of 29 patients, 16 were randomly selected for 16S rDNA sequencing (catarrhal: n = 4, phlegmonous: n = 8, gangrenous: n = 4). Clinical and demographic data of the subgroup did not differ significantly from the main group (Supplemental Table 2 , http://links.lww.com/MD/C49); 4,478,219 reads were included for downstream analyses and an average of 218,717 sequences (SD 134,680) were assigned to each sample (range: 11,634-547,512 sequences). The analysis of intraluminal but not extraluminal samples revealed sufficient DNA reads for further comparison: A total of 9 different phyla were found. Four phyla (Bacteroidetes, Firmicutes, Fusobacteria, and Proteobacteria) were present in all groups with a relative abundance of ≥2% and 5 phyla with an abundance of <2% (Actinobacteria, Spirochaetes, Synergistetes, Tenericutes, and Verrucomicrobia). In catarrhal appendicitis, Firmicutes and Fusobacteria (41% and 29%) and in phlegmonous and gangrenous appendicitis, Bacteroidetes and Firmicutes (phlegmonous: 39% and 24%; gangrenous: 26% and 46%) were mainly present (Fig. 2) . A total of 109 genera were identified, 18 being present with a relative abundance of ≥2% in at least 1 group. Fusobacterium (29%) and Faecalibacterium (15%) dominated in catarrhal appendicitis, Porphyromonas (27%) and Fusobacterium (22%) in phlegmonous, and Fusobacterium (15%) as well as Peptostreptococcus (9%) in gangrenous appendicitis (Fig. 3) . At species level, 267 species were found. Fusobacterium necrophorum (22%) and Faecalibacterium prausnitzii (11%) were mainly found in catarrhal appendicitis, Porphyromonas endodontalis (26%) and Fusobacterium nucleatum (7%) in phlegmonous, and F nucleatum (10%) as well as Peptostreptococcus stomatis (9%) in gangrenous appendicitis (Fig. 4) . No statistically significant differences were found between the different appendicitis groups at all levels. We found no significant difference between intraluminal samples in terms of a-diversity or b-diversity (data not shown).
Bacterial cultures versus microbiome profiling
The assessed microbial composition differed in diversity and abundance between bacterial cultures and 16S rDNA sequencing. At genus level, 11 different genera were detected by bacterial cultures and 109 genera by 16S rDNA sequencing. Nine of 11 genera found in cultures were also found by 16S rDNA sequencing (except: Capnocytophaga and Pseudomonas) (Fig. 3) . At species level, microbiological culture identified 17 different species and 16S rDNA sequencing 267 species. However, only 6 of 17 cultivated species were also detected by 16S rDNA sequencing (Fig. 4) . In catarrhal appendicitis, Escherichia and Bacteroides dominated in culture but Fusobacterium and Faecalibacterium in 16S rDNA sequencing. In phlegmonous appendicitis, Escherichia and Bacteroides were prevalent in culture but Porphyromonas and Fusobacterium in 16S rDNA sequencing. Likewise, in gangrenous appendicitis, Escherichia, Bacteroides, Enterococcus, Streptococcus, and Pseudomonas were present in culture but 16S rDNA sequencing yielded high proportions of Fusobacterium and Peptostreptococcus.
Discussion
In the present study, we performed a comprehensive comparison of extra-and intraluminal appendiceal samples of acute pediatric appendicitis in different stages of inflammation. Intraluminally, different microbial compositions, in terms of abundance and diversity, were detected by comparing standard culturing to 16S rDNA sequencing. This microbial composition differed significantly at phylum and species level depending on the degree of inflammation in bacterial cultures but not after 16S rDNA sequencing. Finally, even in advanced appendicitis bacteria were rarely found extraluminally (and then only in cultures). 
Bacterial cultures
Overall, bacterial cultures revealed 17 species of 11 genera and 4 phyla. Intraluminally, E coli, Bacteroides spp., and P aeruginosa were the dominant species. Escherichia coli is part of the physiologic flora of the gut. Nonpathogenic E coli strains are harmless and their presence prevents pathogenic bacteria from colonizing the intestinal tract. [17] However, they may cause severe peritonitis in case of a ruptured appendix. As a member of the normal intestinal flora, E coli showed highest abundances in all 3 stages of inflammation, potentially due to its fast growth and survival under different culture conditions. [18] Bacteroides spp., also part of the normal flora of the human intestine, can produce intramural and extraluminal abscess formation in acute appendicitis. [19] Enterotoxin-producing Bacteroides spp. may cause transmural inflammation by destroying tight junctions in intestinal epithelial cells and damaging the mucosa. [20] However, our study found no difference in the presence of Bacteroides spp. within the 3 histological groups. Pseudomonas aeruginosa, as a biofilm forming opportunistic pathogen, was only found in gangrenous appendicitis, which corresponds to previous results showing P aeruginosa in 16.7% of gangrenous and 27.8% of perforated appendicitis, indicating advanced appendicitis. [21, 22] These results are in line with earlier studies, which reported an abundance of E coli, Bacteroides spp., and P aeruginosa in inflamed appendices. [23, 24] However, microbiology cultures may lead to false-negative results due to a small sample volume, slowgrowing bacteria, previously administered antibiotics or inefficient transport and storage. Thus, several studies suggest other methods, including real-time PCR and sequencing to detect pathogens effectively. [25, 26] Extraluminally, B fragilis, B ovatus, P oralis, and E coli could be cultivated in only 2 of 29 samples (both phlegmonous appendices). However, both patients did not differ significantly in clinical and laboratory findings as compared to all other patients. All species found extraluminally corresponded to the intraluminal bacteria of the same patient. In 1 patient, all species cultured intraluminally were also found extraluminally (E coli, P oralis, and B ovatus). In the other patient, 3 species (E coli, Enterococcus faecalis, and B fragilis) were detected intraluminally and 2 of them were also found extraluminally (E coli and B fragilis). This is particularly interesting, as all extraluminal samples were taken prior to dissection of the appendix. At that point, the appendix had not been exposed to manipulation by surgical instruments and ischemia due to ligation of the appendicular artery. Thus, translocation of intraluminal bacteria to the outer lumen, revealing bacterial abundances extraluminally was not caused by the surgical procedure but may already occur in the absence of a visible perforation. Moreover, future 
Bacterial sequencing
16S rDNA sequencing identified 267 species of 109 genera and 9 phyla intraluminally. Fusobacterium necrophorum was mainly found in catarrhal appendicitis, P endodontalis in phlegmonous appendicitis and F nucleatum in gangrenous appendicitis. Several studies suggest that Fusobacterium spp. play a key role in the pathogenesis of acute appendicitis. [4] [5] [6] [7] Fusobacterium spp. is an anaerobic oral pathogen that can cause periodontitis but also contribute to extra-oral inflammation such as acute appendicitis. [26, 27] Its presence in the appendiceal mucosa was reported to correlate to the severity of acute appendicitis. [8] In our study, Fusobacterium spp. was detected in all appendicitis groups. Although we did not see an increasing abundance depending on the stage of inflammation as demonstrated in other studies, our data underline the importance of Fusobacterium spp. in the pathogenesis of appendicitis. Porphyromonas endodontalis, which usually causes oral infections, has been also associated with acute appendicitis before. [4] [5] [6] 27] In our study, P endodontalis was found in catarrhal and phlegmonous but not gangrenous appendicitis, suggesting a contribution of P endodontalis to the onset of acute appendicitis.
No significant differences could be found for all sequencing data between the 3 histological groups, most likely due to the wide variety of abundances. This is supported by the most recent study on the appendiceal microbiome by Salö et al. [9] The authors compared intraluminal samples of the proximal and distal site of the appendix by 16S rDNA sequencing and found varying microbial compositions depending on the patient but also on the sample site. However, a correlation between specific species and different degrees of inflammation could not be determined. Likewise, in our study increased abundances of bacteria in the individual groups were seen, but specific bacterial species representing the stage of inflammation could not be identified.
Surprisingly, no bacteria were detected by 16S rDNA sequencing at the extraluminal site of the appendix due to the very low number of DNA reads. Even in gangrenous appendicitis with areas of massive inflammation of all layers next to necrotic regions, the intestinal barrier function seems to be maintained. Thus, an imbalance of the intraluminal microbial composition may play the superior role in acute appendicitis.
Bacterial cultures versus microbiome profiling
We detected a huge discrepancy in the identified species assessed by bacterial culturing and 16S rDNA sequencing. Bacterial cultures are routinely used to detect bacteria in daily clinical routine to test their susceptibility to antibiotics, either from the peritoneal cavity or the appendix fossa during appendectomy. [23, 26, 28] In our study, special media and appropriate growth conditions were used in order to detect all cultivatable bacteria (including obligate anaerobic bacteria such as Fusobacterium and Porphyromonas) from the collected samples. The discrepancies between culture and 16S rDNA sequencing can be explained by the fact that molecular techniques do not distinguish between viable (microbiology) and nonviable (sequencing) cells. 16S rDNA sequencing provides more information on bacterial composition by detecting and identifying species based on the 16S rRNA gene of the small subunit of the prokaryote ribosome, a gene that plays an important role in cellular function. 16S rRNA gene sequences are compared to a 16S ribosomal database for identification of species. However, in our study, 2 genera (Capnocytophaga and Pseudomonas) detected by culture could not be found by 16S rDNA sequencing. This may be explained by the method of 16S rDNA sequencing, which amplifies only variable regions, for instance V1 to V3 but not the entire ribosomal gene. Species with characteristic features outside those regions cannot be differentiated. [29] Furthermore, some bacterial species only differ in a few bps and exact assignment of species by bioinformatics is difficult. In our study, P aeruginosa is one of the species that was not sequenced but was detected in culture. Likewise, other studies using 16S rDNA sequencing did not find Pseudomonas either. [4] [5] [6] 9] We are aware of several limitations of this study. When examining the bacterial microbiome, there are a huge number of (un)controllable confounding factors such as medication, diet, and lifestyle. [30] Antibiotic treatment with bactericidal or bacteriostatic agents can alter the microbial composition, but is sometimes inevitable in gastrointestinal surgery. This is especially relevant for culture, which detects only vital bacteria, but less in 16S rDNA sequencing. The latter also detects bacterial fragments of extinguished bacteria and is therefore less influenced by antibiotic treatment. Moreover, David et al demonstrated a prompt modification of the intestinal microbiome within a single day after rearrangement of individual eating habits. In our study, all children were reported to be on a balanced diet; however, acute changes in eating habits due to abdominal pain, nausea, and preoperative fasting cannot be excluded. [31] 
Conclusion
To the best of our knowledge, this is the first study comparing bacterial cultures and 16S rDNA sequencing of extraluminal and intraluminal bacterial samples in relation to histopathological stages of acute pediatric appendicitis. Although a key pathogen could not be identified, we found a significant microbial diversity between different stages of inflammation. Moreover, our data suggest that appendicitis starts from the intraluminal site of the appendix and proceeds transmurally. The mucosal barrier remains intact, even in advanced inflammation. Our results question the role of postoperative antibiotic treatment in uncomplicated appendicitis.
